P UHYLRXV VWXGLHV GHPRQVWUDWH WKDW WKH EDODQFH EHWZHHQ SUR DQG DQWLLQÀDPPDWRU\ mediators determines the stable or progressive nature of periapical granulomas by modulating the balance of the osteoclastogenic factor RANKL and its antagonist OPG. However, the cytokine networks operating in the development of periapical lesions are quite PRUH FRPSOH[ WKDQ ZKDW WKH VLPSOH SUR YHUVXV DQWLLQÀDPPDWRU\ PHGLDWRUV ¶ SDUDGLJP suggests. Here we simultaneously investigated the patterns of Th1, Th2, Th9, Th17, Th22, Thf, Tr1 and Tregs cytokines/markers expression in human periapical granulomas. Methods: The expression of TNF-α, IFN-γ, IL-17A, IL23, IL21, IL-33, IL-10, IL-4, IL-9, IL-22, FOXp3 markers (via RealTimePCR array) was accessed in active/progressive (N=40) versus inactive/stable (N=70) periapical granulomas (as determined by RANKL/OPG expression ratio), and also to compare these samples with a panel of control specimens (N=26). A cluster analysis of 13 cytokine levels was performed to examine possible clustering between the cytokines in a total of 110 granulomas. Results: The expression of all target cytokines was higher in the granulomas than in control samples. TNF-α, IFN-γ, IL-17A and IL-21 mRNA OHYHOV ZHUH VLJQL¿FDQWO\ KLJKHU LQ DFWLYH JUDQXORPDV ZKLOH LQ LQDFWLYH OHVLRQV WKH H[SUHVVLRQ levels of IL-4, IL-9, IL-10, IL-22 and FOXp3 were higher than in active granulomas. 
INTRODUCTION
Periapical lesions triggered by bacterial infection of pulpal and endodontic environment are characterized by the destruction of mineralized tissues surrounding the root apex as a consequence of the local host response 19 . In this context, cytokines play a major role in the modulation RI LQÀDPPDWRU\ LPPXQH UHVSRQVHV ZLWKLQ WKH periapical microenvironment, and, therefore, are critical determinants of lesions outcome 12, 19 . Previous studies demonstrate that the balance EHWZHHQ SUR DQG DQWLLQÀDPPDWRU\ PHGLDWRUV determines the stable or progressive nature of periapical granulomas by modulating the balance of the osteoclastogenic factor RANKL and its antagonist OPG 12, 29 . However, the cytokine networks operating in the development of periapical lesions are quite more complex than what the relatively simple SUR YHUVXV DQWLLQÀDPPDWRU\ PHGLDWRUV ¶ paradigm could suggest 5 , being the pathogenesis of FKURQLF LQÀDPPDWRU\ GLVHDVHV LQÀXHQFHG E\ VHYHUDO other cytokine classes 12, 19 . In this scenario, Th1 cytokines (IFN-γ, IL-12) have been associated with bone destruction and lesion progression, while its classic Th2 antagonists (IL-4, IL-10, and the recently described IL-33) are described to limit or attenuate the tissue damage 19 . Beyond the Th1/Th2 archetype, Th17 cells emerged as a T subset with inflammatory properties involved in a series of infectious, autoimmune and osteolytic processes 41 . While the prototypical Th17 cytokine is IL-17, Th17 cells can also produce other effector cytokines with osteoclastogenic properties, such as IL-6 and IL-23, reinforcing the potential destructive role of Th17 subset in periapical lesions 41 . On the other hand, regulatory T cells (Tregs, a FOXp3+CD4+ subset) and Tr1 cells present VXSSUHVVLYH HIIHFWV RQ LQÀDPPDWRU\ osteolysis, thought to be mediated by cytokines such as TGF-β and IL-10 3, 15, 17 . Interestingly, the 7K7UHJV DUFKHW\SH ZDV VXJJHVWHG WR LQÀXHQFH the outcome of periapical lesions 9, 28 . Adding more complexity to the cytokine network in periapical lesions, Th9 and Th22 cytokines are expressed in human and experimental periapical lesions, where they are supposed to contribute to lesion stability 1 . IL-9 (the main Th9 product) and IL-22 (the Th22 signature cytokine) have been described as pleiotropic cytokines, whose pro-or DQWLLQÀDPPDWRU\ DFWLYLWLHV PD\ VLJQL¿FDQWO\ GLIIHU depending on the overall cytokine milieu 5 . Other pleiotropic cytokines, such as IL-21 (a product of Th17 or T follicular helper [Tfh] cells), can also impact the overall immunoregulatory milieu, and also the osteoclastogenesis and bone resorption processes 25 . While previous studies describe the possible involvement of the mentioned cytokines in periapical lesions as a general rule, such mediators' expression have been investigated independently or in small sets 6,19,28 , which does not provide a reasonable understanding of the whole cytokine network in periapical environment. Indeed, considering the notable interplay between the cytokines 5 , only the simultaneous analysis of a broad cytokine panel can provide a picture of the overall immunoregulatory scenario operating at periapical lesions. Therefore, here we simultaneously investigated the patterns of Th1, Th2, Th9, Th17, Th22, Thf, Tr1 and Tregs cytokines/markers expression in human chronic periapical granulomas and their possible correlations with lesions activity pattern.
MATERIAL AND METHODS

Samples
This study had institutional review board approval of Bauru School of Dentistry, University of São Paulo. Patients presenting periapical lesions were referred to endodontic surgery after conventional root canal treatment failure; periapical lesions diagnosis was performed as previously described 29, 30 , based on histopathological and radiographic analysis, being periapical lesions characterized radiographically as rarefaction lesions with the disappearance of the periodontal ligament space and discontinuity of the ODPLQD GXUD 7UHDWPHQW IDLOXUH ZDV GH¿QHG DV WKH presence of periradicular radiolucency that did not resolve, persisting as before acceptable endodontic treatment (i.e. having all canals instrumented and obturated, with no voids in the obturation mass, the apical terminus of the obturation at 1/1.5 mm from the radiographic apex), or that increased in size with evidences of continuous bone resorption 2 . Periapical granulomas (N=110) were collected from patients (N=110, aged 19-59; 51 females and 59 males) during periapical surgery and divided in two roughly similar fragments and stored in both formalin (for routine histological examination; was performed after hematoxylin-eosin staining) and RNAlater (Ambion, Austin, TX) (for molecular analysis) solutions. Test samples were limited to granulomas, histopathologically defined by WKH SUHVHQFH RI FDSLOODULHV LQÀDPPDWRU\ FHOOV macrophages, and without the presence of an epithelial lining. Periapical cysts, where cavities ZHUH IXUWKHU GHYHORSHG DQG OLQHG E\ VWUDWL¿HG squamous epithelium, and partially epithelized lesions (epithelized granulomas) were excluded from the study. Patients with medical conditions ZKLFK QHHG WKH XVH RI V\VWHPLF PRGL¿HUV RI ERQH metabolism or other assisted drug therapy (i.e. V\VWHPLF DQWLELRWLFV DQWLLQÀDPPDWRU\ PHGLFLQHV hormonal therapy) during the last 6 months before the study were excluded. Patients with preexisting conditions, such as periodontal disease, and pregnant or lactating women were also excluded. Healthy periodontal ligament tissue samples (N=26) obtained from premolars extracted for orthodontic purposes (patients aged 19-24 years, 12 females and 14 males) and stored in RNA later were used as control specimens. Lesions were also categorized into putative active (A) and inactive (I), based in the PROHFXODU SUR¿OH RI 5$1./23* P51$ H[SUHVVLRQ as previously described 29 .
RNA extraction and RealTime-PCR reactions
Samples were submitted to molecular analyses as previously described 30 . In brief, total RNA was extracted from samples by using the RNeasy kit (1') and 72°C (2'). The analysis of RANKL and OPG mRNA levels were also determined in all the lesions (also by RealTimePCR using TaqMan chemistry), in order to categorize each sample in putative active and inactive lesions based on the RANKL/ OPG ratio as previously described 29 . The results are depicted as the relative level of gene expression; calculated in reference to internal controls GAPDH DQG ǃDFWLQ H[SUHVVLRQ LQ HDFK VDPSOH XVLQJ WKH 2 -DD Ct method 2, 16 .
Data analysis
Cytokine expression data is presented as a mean of mRNA expression, normalized by reference to the housekeeping genes from triplicate measurements in each sample. Comparisons among controls, inactive and active lesions were performed by ANOVA followed by Bonferroni post-test (performed in GraphPad Prism5.0 software, GraphPad Software Inc, San Diego, CA, USA); being p<0.05 was considered statistically VLJQL¿FDQW ,Q RUGHU WR H[DPLQH SRVVLEOH FOXVWHULQJ between the cytokines, a cluster analysis of 13 cytokine levels in 110 periapical granulomas was performed by using the Spearman rank correlation FRHI¿FLHQW DQG WKH .UXVNDO:DOOLV .: WHVW 44 . After clusters determination, a hierarchical analysis was performed to access cytokine clusters association with activity/inactivity status, considering 1) the degree of lesion activity, ranked from inactivityto-activity based in the RANKL/OPG ratio, ranging from 0.43 to 4.46, in accordance with the initially defined clusters; 2) the variance in individual cytokine expression levels within all 8 clusters were analyzed from the statistical viewpoint in order to generate a heat-like map representing the relative levels of expression (i.e. clusters with relative low levels are represented by the color white, clusters with relatively homogenous expression levels are represented by the color yellow, and clusters with increased gene expression are depicted in red; comprising a 6 grade scale representative of 16.66% ZLWKLQ HDFK VHTXHQWLDO FRORUGHJUHH LQ WKH ¿QDO ranking step the cytokines were ordered based in the cumulative frequency of high/intermediate/low levels along the inactive/active poles.
RESULTS
The pattern of cytokine expression in active and inactive granulomas
The mRNA levels expression of all targets investigated was found to be higher in total periapical granulomas when compared to controls ( 
Cluster and hierarchical analyzes of cytokine association with active and inactive lesions
In the view of the distinctly divergent cytokine profile between controls and lesions, cluster analysis was only performed with the lesion data in order to avoid biased associations. Initial cluster analysis performed with all (active + inactive) the OHVLRQV )LJXUH UHVXOWHG LQ WKH LGHQWL¿FDWLRQ RI major clusters, comprised by 41 and 69 samples, presenting a 98% match with the clustering based in the RANKL/OPG patterns 29 . Considering such clear dichotomy, we performed additional cluster analysis within active and inactive lesions groups. In inactive lesions group (Table 1) Figure 3 ) ordered the samples regarding the activity level, from inactivity to activity ends, and demonstrated that inactivity pole was characterized by the highest OPG levels, sequentially followed in a downward way by FOXp3, IL-10, IL-9, IL-4 DQG ,/ 23* DQG ,/ H[SUHVVLRQ SUR¿OHV ZHUH relatively stable within inactive clusters; FOXP3 and IL-10 levels prevail in the clusters located in the LQDFWLYLW\ SROH HGJH ZKLOH D VLJQL¿FDQW YDULDWLRQ LQ WKH H[SUHVVLRQ RI ,/ DQG ,/ ZDV YHUL¿HG LQ VSHFL¿F FOXVWHUV 7DEOH DQG )LJXUH 2Q WKH RWKHU hand, the lesion activity pole was characterized by the highest expression of TNF-α, downward followed by RANKL, IL-21, IL-17 and IFN-γ (Table 3 and Figure 3 ). High levels of TNF-α expression were a hallmark of all active clusters, RANKL expression prevails in the clusters located in the activity pole HGJH DOVR D IDLUO\ VSHFL¿FLW\ LQ WKH IFN-γ, IL-17 DQG ,/ H[SUHVVLRQ SHDNV ZDV YHUL¿HG LQ GH¿QLWH clusters within active lesions (Table 3 and Figure  3 ). Interestingly, one cluster from inactive lesions subset presented a relatively high expression of IL-17. In an intermediate level within inactivity and activity poles, the cytokines IL-23 and IL-33 were QRW VLJQL¿FDQWO\ DVVRFLDWHG ZLWK OHVLRQV ¶ VWDWXV (Table 3 and Figure 3 ).
DISCUSSION
Regulatory molecules such as cytokines play a key role in the pathogenesis periapical lesions 12, 19 . Since the fragmented analysis of Th1, Th17, Th2, Th9, Th22 and Tregs related cytokines/markers expression suggests its involvement in periapical lesion development, but do not allow the analysis of the overall cytokine network operating in periapical environment; in this study we simultaneously investigated the patterns of such factors expression in active and inactive periapical lesions, as well the possible existence of cytokine clusters that could account for lesions outcome.
:KHQ WKH JOREDO F\WRNLQH H[SUHVVLRQ SUR¿OH in periapical lesions was compared with healthy control tissues, the expression of all cytokines/ PDUNHUV LQYHVWLJDWHG ZDV IRXQG WR EH VLJQL¿FDQWO\ augmented in the lesions, in accordance with previous studies 1, 6, 9, 10, 19 . In a general context, the widespread cytokine expression in the lesions is LQWHUSUHWHG DV D UHÀH[ RI WKH FKURQLF KRVW UHVSRQVH to the unremitting infection in the root canal and periapical area 12, 19 . While the dichotomous comparison between health and disease conditions can be fairly revealing, it does not provide a disease severity and activity gradient, limiting the strength of such data to support more robust hypotheses. However, the comparison between active and inactive lesions 29, 48 provides a better picture of clinical variance, and therefore provide the support necessary to more robust analyses.
Initially, considering the active lesions scenario, the expression of TNF-α, IFN-γ, IL-17 and IL-21 prevail in these lesions. TNF-α is classically described as a pro-inflammatory and osteoclastogenic cytokine 13, 18 . vitro, a clear association with increased bone loss is described in vivo, where the upregulation of TNF-α, IL-1β and RANKL overcome the direct antiosteoclastogenic effect described in vitro 11, 14, 22, 34, 35 . Regarding periapical lesions, IFN-γ positive cells are found in both periapical granulomas and cysts, where they are supposed to be involved in periapical lesion development 6 . Additionally, the Th17-prototytical cytokine IL-17A, described as a SRWHQW LQÀDPPDWRU\ DQG osteoclastogenic factor, was also found in higher levels in active periapical lesions where it is supposed to exacerbate the LQÀDPPDWRU\ RVWHRO\WLF SURFHVV 7,28,33,41 . The last cytokine found to be overexpressed in active lesions is IL-21, a cytokine produced by Th17 and Tfh cells previously implicated in osteoclastogenesis and bone destruction 8, 24 . Tfh, a CD4+ Tcell subset found in the B-cell follicles of secondary (and feasibly tertiary) lymphoid organs 27 , is described as a major contributor to B cell-mediated antibody responses and an important source of IL-21 43 . Considering the chronic nature of periapical lesions and the abundant presence of B cells in such environment 26 , it would be possible to suggest that IL-21 in periapical area contributes to a Thf-B cell response axis, similarly to what was described in tertiary lymphoid tissues associated with chronic infection sites 20, 47 . Since B cells are described as a potential RANKL source 12, 19 , Thf-B cell axis can directly drive lesions activity via RANKL production.
Taken together, the discussed evidences suggest a role of TNF-α, IFN-γ, IL-17A and IL-21 in the periapical lesions progression. In order to clarify the possible interplays between such cytokines, cluster hierarchical analyses were performed and GLVWLQFW F\WRNLQH FOXVWHUV ZHUH LGHQWL¿HG LQ DFWLYH lesions subset. The maximum activity (i.e. higher RANKL/OPG ratio) cluster (active cluster 1) was characterized by the highest TNF-α and RANKL levels among active lesions, and relatively high IL-21, IL-17 and IFN-γ expression. In this high activity scenario, it is possible to suggest that local TNF-α DQG ,/ DFWLYLW\ IDYRUV WKH LQ¿OWUDWLRQ DQG activity of both Th1 and Th17 cells, as previously described in experimental arthritis 32 . Accordingly, when mice strains with opposing bone resorption susceptibility phenotypes were compared, parallel high levels of TNF-α and IFN-γ were associated with increased bone resorption activity 45, 46 . However, a negative correlation between the relatively high levels of both IFN-γ and IL-17 was observed in all the active lesion clusters. Indeed, active cluster 2 was characterized by the highest levels of IL-21 and IL-17, while the active cluster 3 presented the highest IFN-g levels and a high IL-21 expression. Therefore, Th1-(active cluster 3) and Th17-(active cluster 2) biased clusters were evidenced within active clusters. Accordingly, previous studies demonstrate a reciprocal Th1/Th17 inhibition, suggesting that Th1 and Th17 mediators may be independently associated to the progression of LQÀDPPDWRU\ RVWHRO\WLF OHVLRQV 4 . It is essential to consider that the hierarchical analysis points to Th1-biased cluster (active cluster 3) as lower activity cluster than the clusters with high Th17 activity (active clusters 1 and 2). Accordingly, while literature seems to present a relative consensus regarding the osteoclastogenic role of IL-17/Th17, the association of IFN-γ/Th1 with bone resorption process remains quite controversial 12, 19 . Regarding IL-21, the levels of such cytokine were found to be elevated in both Th1-and Th17-biased clusters, but no direct positive/negative correlations were observed, suggesting that Tfh cells may operate in parallel (or even cooperatively) with both Th1 and Th17 mediators. 8-23,5(6 $& )5$1&,6&21, &) %,*8(77, && &$9$//$ ) $5$1+$ $0) /(75$ $ 7520%21( $3) )$9(5, 0 6 ,/9$ 50 *$5/(7 *3 Table 3 Moving the focus towards the putative determinants of lesions inactivity, IL-4, FOXp3, IL-10, IL-9 and IL-22 levels in inactive lesions overcome the levels observed in active sites. IL-4 represents the prototypic Th2 cytokine, being a potential protective mediator due its ability to upregulate OPG levels and suppress pro-inflammatory responses 40 . . The next inactive lesions cluster (inactive cluster 3) is characterized by a high IL-10 expression, relatively low FOXp3, IL-4 and IL-9 levels, and a singular high IL-17 expression. Initially considering the lack of a direct correlation/association between FOXp3 levels and IL-10, it is possible to hypothesize a dominant role for Tr1 instead of classic FOXp3+ Tregs in this cluster. Indeed, the high levels of IL-17 in parallel with the low levels of FOXp3 may be representative of a plastic behavior of Th17/ Tregs cells, where environmental signals can limit Tregs suppressive activity 52 . Following the clusters ascending activity level, the subsequent cluster (inactive cluster 4) is characterized by the highest IL-9 and IL-33 levels. Since no evidences of collaborative actions between IL-33 and IL-9 are reported, it is reasonable to consider that these T cell subsets may exert independent roles in the determination of lesions inactivity. While the data regarding IL-9 and bone lytic process is scarce as previously discussed, its possible association with lesions inactivity relies on the possible association with IL-10 production 1, 42 . Considering the potential protective role of IL-33, while its antiosteoclastogenic action was recently described 23 , IL-33 levels are similar in overall inactive/active lesions, weakening the hypothesis that IL-33 plays a major role as a determinant of periapical lesions inactivity.
Finally, in the edge between inactive and active lesion clusters, a Th2-biased cluster (inactive cluster 5) is characterized by the highest IL-4 levels within inactive lesions. IL-4 is usually described to limit or attenuate the tissue damage due its anti-LQÀDPPDWRU\ SURSHUWLHV ZKLFK LQFOXGH WKH inhibition of RANKL, concomitantly with OPG upregulation 36 , and the VXSSUHVVLRQ RI SURLQÀDPPDWRU\ DQG 7K type responses 6, 19, 35 . Recently, it was described that the Th2-type chemokine CCL22 (which can be induced by IL-4) attenuates periodontal lesions severity though Tregs chemoattraction 17 . However, the relatively low levels of FOXp3 and IL-10 in this Th2 biased cluster, as well as the lack of negative correlations between IL-4 and IFN-g does not support such hypotheses. These results suggest that a dominant IL-4 response, in parallel to low levels of other potentially protective cytokines, may not be highly effective in determining lesions inactivity. Indeed, this IL-4-biased cluster is located in the frontier between inactive and active lesions, being its RANKL/OPG ratio roughly 2 times higher than the other 4 inactive clusters.
Taken together, our results demonstrate distinct patterns of cytokine expression in active and inactive periapical granulomas. In active lesions, SURLQÀDPPDWRU\ 7K DQG 7K VNHZHG FOXVWHUV LQ concert with IL-21 are supposed to independently drive lesions progression. Conversely, inactive lesions present a more complex scenario, were Th22/Tregs, Tregs/Tr1, Tr1, Th9 and Th2 biased clusters can account for lesion inactivity status. However, further cause-and-effect studies are required to fully dissect the cytokine network involved in the pathogenesis of periapical lesions, aiming to unravel the protective and destructive pathways and therefore contribute to improve the diagnosis and treatment of these pathologies. However, further studies are required to support our hypothesis.
CONCLUSION
$ FOHDU GLFKRWRP\ H[LVWV LQ WKH SUR¿OH RI F\WRNLQH expression in inactive and active periapical lesions. While the widespread cytokine expression seems to be a feature of such chronic lesions, hierarchical cluster analysis demonstrates the association of TNF-α, IL-21, IL-17 and IFN-γ (ordered by their supposed destructive potential) with lesions' activity, and the association of FOXp3, IL-10, IL-9, IL-4 and IL-22 (ordered in its supposed protective potential) with lesions' inactivity.
